T he "specialized ribosome" concept proposes that ribosome variants are produced and differentially regulate translation. Examples supporting this notion demonstrated heterogeneity of ribosomal protein composition. However, ribosome translational activity is carried out by rRNA. We, and others, recently showed that rRNA heterogeneity regulates translation to generate distinct translatomes promoting tumorigenesis.
Translation is one of the last steps of gene expression, during which ribosomes synthesize proteins. A growing body of evidence indicates that the translation process per se plays a key role in tumorigenesis. 1 Significantly, it was recently revealed that components of the translational machinery play unexpected direct roles in tumorigenesis. For example, haploinsufficiency in ribosomal protein (RP) RPL24 is sufficient to significantly delay tumorigenesis in mice overexpressing the oncogene C-Myc or lacking the tumor suppressor phosphatase and tensin homolog (PTEN).
1 In addition, it has been extensively demonstrated that the expression of oncogenes and tumor suppressors is regulated at the protein synthesis level.
1,2 Finally, the specific inhibition of RNA polymerase I (RNA pol I) using small molecules selectively kills cancer versus healthy cells in mouse models. 3 Human ribosomes are composed of 80 ribosomal proteins and 4 ribosomal RNAs (rRNAs). Although ribosomes were shown to be effectors of translation 40 years ago, it only recently became apparent that they also act as regulators. First, during evolution, ribosomes of higher eukaryotes have selected additional RPs and rRNA segments that are not directly involved in mRNA decoding and peptide formation, 4 but are predicted to support regulatory events. Second, ribosomes with variable composition have been identified that support distinct translational activity in response to viral infection or depending on cell type. 5 For instance, some ribosomes were shown to more efficiently initiate translation from internal ribosome entry site (IRES) sequences. 1 In addition, changes in ribosome composition result in developmental defects in both animals and humans while having no, or only a weak, effect on the survival of cultured cells. 1, 5 Last, mutations in RP genes or ribosome biogenesis factor genes are associated with ribosomopathies that are characterized by selected developmental defects and by increased cancer susceptibility for particular tumors. These data support the emerging notion of the "specialized ribosome", suggesting that ribosomes exist as different variants that regulate the selection and efficiency of translation of mRNA subsets.
Up to now, most studies have focused on heterogeneity of RP composition. However, key molecular interactions underlying the translational process are carried out by rRNAs, which decode the mRNA and catalyze the peptide bond formation through a ribozyme activity. Similarly to proteins, rRNAs carry chemical modifications, including base methylation, pseudo-uridylation, and ribose methylation at 2 0 -hydroxyl (2 0 -O-methylation). 6 With 105 sites currently mapped on rRNAs, the most abundant modification is 2 0 -O-methylation that is catalyzed by fibrillarin (FBL), a conserved methyltransferase guided by C/D box small nucleolar RNAs (snoRNAs) that ensure site specificity. 7 Structural studies suggest that 2 0 -O-methylation modulates rRNA 7 We reported for the first time that the rRNA 2 0 -O-methylation pattern modification is associated with changes in translational control during tumorigenesis. 8, 9 In immortalized human mammary epithelial cells (HMECs), p53 (TP53, best known as p53) knockdown using short hairpin RNA (shRNA) was associated with a modification of the rRNA 2 0 -O-methylation pattern. This p53-induced alteration in rRNA 2 0 -O-methylation pattern was linked to increased expression of FBL. We further demonstrated that FBL is a p53 target gene, whose expression is repressed following binding of p53 to the first intron of the FBL gene. Both an increase in FBL expression and modification of rRNA 2 0 -O-methylation pattern in HMECsshp53 were associated with changes in the translational activity of ribosomes and in translational control. Reduced p53 expression induced, in an FBLdependent manner, both a defect in translational fidelity (i.e., amino acid misincorporation and stop codon readthrough) and increased translation of a subset of IRES-containing cellular mRNAs (insulin growth factor-1 receptor [IGF-1R], C-Myc, vascular endothelial growth factor-A [VEGF-A], fibroblast growth factor 1 [FGF1] and FGF2). We analyzed in more detail the regulation of IGF-1R mRNA translation using a panel of cell lines, IGF-1R IRES-containing reporter systems, and polysome analysis of endogenous IGF-1R mRNA.
Our current model is that modulation of the rRNA 2 0 -O-methylation pattern induced by changes in FBL expression promotes the translation of a subset of mRNAs encoding proteins with oncogenic properties, which favors tumor initiation and progression (Figure 1) . This view is supported by additional observations. We reported that FBL overexpression promotes anchorage-independent cell proliferation and chemoresistance of MCF-7 breast cancer cells. 9 Moreover, in breast cancers, a high level of FBL appeared to be an independent marker of poor prognosis, supporting the importance of maintaining a reduced level of FBL to prevent tumorigenesis. 8 Following our publication, the Kouzarides group identified FBL as the methyl-transferase that catalyzes methylation of Q105 of histone H2A, a novel histone post-translational modification found to be highly enriched in rDNA chromatin, and enhances RNA pol I activity. 10 Together, these data support an important role of FBL in controlling not only ribosome quality, but also ribosome quantity that impacts tumorigenesis.
The significance of the rRNA perspective in the heterogeneity of ribosomes also has roots in studies of rRNA pseudo-uridylation since mutation of dyskerin (DKC1), the enzyme catalyzing this modification, alters IRES-dependent translation and is associated with cancer susceptibility. 1 In the near future the different rRNA chemical modifications will have to be analyzed in concert since the rRNA domains critical for translational activity contain all of the chemical modifications identified to date in rRNA. One must therefore wonder whether the impact of rRNA chemical modifications on translation should be considered RNA epigenetic regulations, as for modification of other classes of RNA and for DNA epigenetics. 6 However, several key questions remain to be addressed, including "Are rRNA chemical modifications heritable?" and "Do enzymes exist that are able to demethylate or de-pseudo-uridylate rRNA to dynamically regulate the system?"
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